AND CONCLUSIONS 1. We studied response properties of neurons in the superior temporal sulcus (STS) of behaving monkeys that discharged during brief, sudden movements of a large-field visual stimulus, eliciting ocular following. Most neurons responded to movements of a large-field visual stimulus with directional selectivity, preferring high stimulus speeds. Neurons were mostly recorded in the medial superior temporal area (MST) ( 187/250) and the middle temporal area (MT) ( 57 /250). Further response properties were studied in the MST neurons.
1. We studied response properties of neurons in the superior temporal sulcus (STS) of behaving monkeys that discharged during brief, sudden movements of a large-field visual stimulus, eliciting ocular following. Most neurons responded to movements of a large-field visual stimulus with directional selectivity, preferring high stimulus speeds. Neurons were mostly recorded in the medial superior temporal area (MST) ( 187/250) and the middle temporal area (MT) ( 57 /250). Further response properties were studied in the MST neurons.
2. Response latencies were measured when a large-field random dot pattern was moved in the preferred direction and preferred speed for each neuron. Eighty percent ( 120/ 150) of the neurons were activated ~50 ms after the onset of the stimulus motion. In most cases (89%, 134/ 1 SO), increased firing rates started before the eye movements, with 59% (88/ 150) starting > 10 ms before the eye movements.
3. The relationship between the latency of neuronal responses and that of eye movements was studied in 59 neurons by changing the stimulus speed systematically ( lo-160" /s). The latencies of both neuronal and ocular responses decreased as stimulus speed increased. As a result, the time difference between the response latencies for neuronal and ocular responses varied little with changes in stimulus speed.
4. Blurring of the random dot pattern, by interposing a sheet of ground glass, increased the latency of both neuronal responses and eye movements.
5. With the use of a check pattern instead of random dots, both neuronal and ocular responses began to decrease rapidly when the temporal frequency of the visual stimulus exceeded 20 Hz. At 40 Hz the neurons showed a distinctive burst-and-pause firing pattern, and the eye movements showed signs of oscillation.
6. The response properties of the MST neurons during ocular following were similar to those of the dorsolateral pontine nucleus (DLPN) neurons, reported previously. Our results indicate that the MST neurons may provide visual information to the DLPN neurons and may play a role in eliciting ocular following.
7. Responses during smooth-pursuit eye movement were studied in 55 MST neurons. Each of these neurons responded to the moving large-field visual stimulus, which elicited ocular following, and 40 of these neurons were activated during smooth pursuit in the dark. Response latencies during smooth pursuit were long in those neurons having different directional preferences during smooth pursuit and ocular following but were short for those having the same directional preferences during smooth pursuit and ocular following. For the latter the response latency during smooth pursuit was always longer than that during ocular following. These neurons may provide visual information to the same type of DLPN neurons during both ocular following and smooth pursuit.
8. We observed responses of 11 MST neurons, which responded during smooth pursuit, when the pursuit target was briefly turned off. In every case, target blinking reduced their responses and their smooth-pursuit eye velocity. This was seen much earlier in the neuronal responses than in the eye-velocity profile. The decrease in firing frequency of the MST neurons may be due to disappearance of the target (visually induced), rather than to feedback from eye velocity.
9. Responses to a sudden appearance of a moving visual scene (optokinetic responses, OKR) were studied in 32 MST neurons. All neurons that responded during ocular following showed modulated firing rates during OKR. Their response latencies during OKR were longer than those during regular ocular following, for which the visual stimulus was presented for some time before moving. Longer ocular response latencies during OKR than during ocular following suggest that some MST neurons may play a role in eliciting both ocular following and OKR. INTRODUCTION Behavioral studies in monkeys have shown that sudden movements of the visual scene evoke very short-latency ocular-following responses ( -50 ms), which are thought to be important for stabilizing the eyes on nearby stationary objects during movements of the observer (Miles et al. 1986; Schwarz et al. 1989) . To elucidate the visual-motor pathways driving the ocular-following responses, we previously reported that neurons in the dorsolateral pontine nucleus (DLPN) respond to movements of a large-field visual stimulus that elicited ocular following (Kawano et al. 1992b) . We suggested that these neurons play a role in eliciting ocular following because most of them changed their activities before the eye movements occurred, and because their response was dependent on the visual properties of the stimulus in a way similar to that of the ocular responses. The efferent limb of the DLPN neurons for the ocular-following response may pass through the ventral paraflocculus (VPFL) of the cerebellum. This is supported by findings that the majority of Purkinje cells (P-cells) in the VPFL respond with latencies shorter than that of the ocular following and that, at the site of each recording, electrical stimulation with a single negative pulse elicited eye movement toward the preferred direction of the P-cell in more than onehalf the cases . This apparent routing is also compatible with the results of anatomic studies (Glickstein et al. 1990; Langer et al. 1985 ) . On the other hand, the source of visual inputs to the DLPN neurons during ocular following is not clear. Both the middle temporal (MT) area and the medial superior temporal (MST) area in the superior temporal sulcus (STS) send strong projections to the DLPN (Boussaoud et al. 1992; Brodal 1978; Glickstein et al. 1980 Glickstein et al. , 1985 Maunsell and van Essen 1983; May and Andersen 1986; Tusa and Ungerleider 1988; Ungerleider et al. 1984 ). Previous studies have described neurons in the posterior part of the posterior parietal cortex that are activated by movements of the entire visual field both with and without a fixation target (Kawano and Sasaki 198 1, 1984; . Although these neurons were studied in the posterior parietal cortex before the MST was designated by Maunsell and van Essen ( 1983 ) , results of studies that followed (Desimone and Ungerleider 1986; Komatsu and Wurtz 1988a,b; Tanaka et al. 1986) suggest that this area corresponds to the MST area (Fuchs and Mustari 1993; see DISCUSSION in Komatsu and Wurtz 1988a) . However, in these studies, response properties of MST (or parietal) neurons to a large-field visual stimulus were not investigated in relation to the eye movements elicited simultaneously.
In the present study we investigated the response properties of MST neurons in awake, behaving monkeys to a moving, large-field visual stimulus that elicited ocular following. We analyzed the relationship between neuronal responses and ocular responses by varying the parameters of the visual stimulus while making simultaneous measurements of eye movements. We used the same visual stimuli used in the previous experiments on DLPN neurons (Kawano et al. 1992b ) to determine whether the response properties of the MST neurons are suitable for providing the visual information to the DLPN neurons and for playing a role in the genesis of the ocular-following response.
Preliminary results have been presented elsewhere (Kawano et al. 1989 (Kawano et al. , 1990 (Kawano et al. , 1992a .
METHODS
The methods and procedures used in the present study are similar to those described in Kawano et al. ( 1992b) and . Further details can be found therein.
Animal preparation
Data were collected from four adolescent monkeys (Macaca fuscata), weighing 5-8 kg. All animals had been previously trained to fixate on a small target spot to obtain a fluid reward (Wurtz 1969) . Under pentobarbital sodium anesthesia and in aseptic conditions, a cylinder for microelectrode recording was implanted in each monkey, and a fixture was attached that allowed the head to be fixed in the standard stereotaxic position during the experiments. Scleral search coils, for measuring eye movements, were implanted according to the technique of Judge et al. ( 1980) . All experimental protocols were approved by the Electrotechnical Laboratory Animal Care and Use Committee.
Behavioral paradigms and visual stimuli
During recording sessions, which were several hours long, the animal sat in a primate chair with the head secured by a head holder. The animal faced a translucent, tangent screen of white paper on which moving patterns (dots or checks) could be backprojected. The screen was 23.5 cm in front of the eyes and subtended 85" along the vertical and horizontal meridia. Three paradigms of stimulus were presented: the ocular-following paradigm, the optokinetic paradigm, and the smooth-pursuit paradigm.
In the ocular-following paradigm, the screen was filled entirely with a visual stimulus that started to move at 50 ms (in some cases, 100-300 ms) after the end of a saccadic eye movement directed to the central part of the screen ( t 10' ) . This allowed the collection of data to be free of saccades for at least 150 ms after the onset of the stimulus. The ramp movement of the stimulus usually lasted 150 or 300 ms, after which the screen was made blank for 0.5-2 s by a mechanical shutter, while the animal sat in the dark. After the blank period, the pattern was presented at its initial position, for the next ramp. To encourage the animal to remain alert, an occasional drop of fruit juice was given to reinforce fast saccades.
In the standard test situation, the projected scene was a photograph of a random dot pattern. In some cases the image of the random dot pattern was low-pass filtered ("blurred") by interposing a diffusing screen of ground glass (Miles et al. 1986 ). This reduced both the spatial frequency and contrast of the visual stimulus. To get different amounts of blur, the ground surface and the paper screen were separated by distances of 1, 3, and 5 cm. For stimuli of limited temporal frequency, we used check patterns of black and white, of which the spatial frequencies were 0.5, 0.25, and 0.13 cycles / deg.
In the optokinetic paradigm we studied the effect of differences in visual conditions before the stimulus motion began. This was to determine whether ocular and neuronal responses to the standard test stimulus (ocular-following paradigm) were different from those to a traditional optokinetic stimulus. In a traditional optokinetic stimulation, the room is completely dark before presentation of the moving stimulus, which then comes into view suddenly. To reproduce these conditions the shutter remained closed until a centering saccade was detected. The galvanometer controlling image motion would begin to move 30 ms after the end of this saccade, but the shutter would remain closed until 50 ms after the end of the saccade. This resulted in the animal suddenly being presented with a moving visual scene. A photodiode was used during the optokinetic paradigm to measure the luminance of the screen. It took 4 ms for the shutter to open. To compare the responses during the optokinetic paradigm and the ocular-following paradigm, we exposed the animal to two stimuli with the same direction and speed, in a randomized order.
In the smooth-pursuit paradigm, two small targets (0.8" diam each) were used. Each target was projected from a light-emitting diode (LED), with the use of a lens optical system. One target was directly projected onto the center of the screen. The pursuit target was projected via a galvanometer mirror system. We used a stepramp paradigm for the initiation and maintenance of pursuit (Lisberger and Westbrook 1985; Rashbass 196 1) . Each presentation of the pursuit target began when a monkey was fixating on the centered, stationary target. At a randomized time the fixation target was turned off, and the monkey was required to change fixation and track the pursuit target, which moved at a constant velocity. The monkey was rewarded for pursuing the target and detecting its dimming.
Visual receptive-field mapping was done by the use of two methods. In the first, a visual stimulus (a spot, or slits of light) was projected onto the screen when the monkey looked at the center spot. In the second, we used a restricted projection of the random dot pattern while monitoring eye position. The movement of the stimulus was triggered by a centering saccade and, as a result, elicited ocular following.
Recording technique
A hydraulic microdrive ( Narishige MO-~) was mounted on the recording cylinder, and glass-coated tungsten microelectrodes were used for the initial identification and the mapping of the MST area. In some cases a stainless steel guide tube was used. The tip of the guide tube was positioned 3-4 mm above the target area. Flexible tungsten electrodes were used to record through the guide tube.
Selection of neurons
Previous work carried out in the MST area describes neurons that discharge in relation to various movements of a visual stimu-lus or to smooth-pursuit eye movements (Desimone and Ungerleider 1986; Duffy and Wurtz 199 1; Erickson and Dow 1989; Gattass and Gross 198 1; Hikosaka et al. 1988; Kawano et al. 1980 Kawano and Sasaki 198 1, 1984; Komatsu and Wurtz 1988a,b; Sakata et al. 1978 Sakata et al. , 1983 Sakata et al. , 1985 Tanaka et al. 1986 Tanaka et al. , 1993 Tanaka and Saito 1989; Thier and Erickson 1992; van Essen et al. 198 1) . Our principal interest was to further characterize the properties of the neurons that discharge in relation to ocular-following responses. To achieve this we selected neurons by the sensitivity of their discharge to a moving visual scene that elicited ocular-following responses. After isolating a single unit, we observed its responses to a visual scene moving at 80" /s in eight directions. All further experiments were carried out with only those neurons whose activities were modulated by one of these stimuli.
Data collection and analysis
The presentation of stimuli and the collection, storage, and display of data were controlled by two personal computers (NEC PC980 1) . We used an electromagnetic induction technique (Fuchs and Robinson 1966) for monitoring eye movements. Recording of neuronal activities was carried out with the use of standard extracellular recording techniques. Spikes were detected with a time-amplitude window discriminator with a resolution of 1 ms. All data were transferred to work stations (Apollo, SunSparc) for analysis. For quantitative analysis we averaged neuronal and ocular responses to a same stimulus for > 12 trials (20-40 trails in most cases).
Eye movements were analyzed according to the method of Miles et al. ( 1986) . The average eye-velocity profiles were lowpass filtered and differentiated with the use of a digital filter to yield eye acceleration profiles (Miles et al. 1986 ). The latency of the ocular-following responses was determined from the eye acceleration profiles. The criterion for defining the onset of a response was an eye acceleration exceeding 100' / s2. The response latency of the neurons was measured with the use of the same method used for measuring the DLPN neurons (Kawano et al. 1992b ). This was done to better determine whether the MST neurons could provide the visual inputs to the DLPN neurons. As an index of its total response, we averaged the firing rate of a neuron during the interval of 40-140 ms after stimulus onset. Because the eye movements elicited by the stimulus usually reduced the retinal slip velocity of the visual stimulus, there is a minor flaw in adopting this procedure to measure neuronal responses. However, according to Kawano et al. ( 1992b) , the differences caused by the reduced retinal slip were very small in the range of the stimulus speeds used ( lo-160' /s), hence we adopted the same procedure. We calculated a spike-density function from the neuronal response (MacPherson and Aldridge 1979; Richmond et al. 1987) to quantitatively analyze the relation between neuronal responses and ocular responses elicited by the same stimulus. For the spikedensity function, we used a standard deviation of the Gaussian pulse, 0 of 3 ms, and the effect of this was of low-pass filtering [the filter cut off (-3 dB) was at 47 Hz] the histograms without introducing a time delay. To study the low temporal-frequency components of neuronal responses during smooth pursuit, we used the same low-pass filtering as that used for the DLPN neurons [a Chebyshev optimal, nonrecursive, linear digital filter ; filter length, 65 points, -3 dB at 10 Hz; (Rabiner and Gold 1975 ) ] (Kawano et al. 1992b ).
Histology
At the end of the experiments, monkeys were deeply anesthetized with pentobarbital and were perfused through the heart with saline followed by 10% Formalin. Frozen sections were cut at 50 pm in the sagittal plane, mounted on microscope slides, and stained with cresyl violet for cell bodies and with a modified silver stain (Gallyas 1979) for myelinated fibers. In each monkey the STS and surrounding cortex was displayed on "unfolded" maps according to the method of van Essen and Maunsell ( 198 1) . The approximate location of each electrode penetration was usually determined on the basis of the distance from landmarks such as the appearance and disappearance of gray matter or electrolytic lesions. The results were plotted on the unfolded map by projecting each recording site onto layer IV.
RESULTS

Neuronal activity during ocular following
We recorded neuronal activity in the STS in six hemispheres of four awake, behaving monkeys, and studied neurons that discharged in response to movements of the visual scene that elicited ocular following. We studied the responses of the neurons to ramp movements of the full-field, random dot pattern in eight directions. A majority (250/ 292,86%) of these neurons were considered direction selective, because their average firing rates in preferred directions were greater than or equal to two times higher than in nonpreferred directions. Figure 1A shows the activity of such a neuron and the ocular following responses to 40 presentations of a 1 60° /s downward test ramp. The responses were aligned at stimulus onset. The average response of this neuron is represented in the peristimulus time histogram. The superimposed eye-velocity responses, the averaged eye-velocity profile, and its first derivative, eye acceleration, are also shown. Forty milliseconds after the onset of stimulus motion, the firing rate of this neuron increased abruptly and rapidly peaked ( -5 ms). The firing rate then decreased slightly but continued to respond at a high frequency (sustained response). No habituation of the neuronal response was observed throughout the 40 trials. Thirteen milliseconds after the onset of the neuronal response (i.e., latency of 53 ms), the eyes began moving. Figure 1 B shows the directional selectivity of this neuron. The firing rates were averaged over 12 trials of ramp movements at 80° /s in each direction. Strong responses were observed for down movements of the random dot pattern. The "preferred" direction was found to be deviated 14" to the right of downward.
Location of direction-selective neurons
Because it has been demonstrated (Desimone and Ungerleider 1986; Komatsu and Wurtz 1988a; Tanaka et al. 1986 ) that there are visual areas of different properties in the STS, we were concerned first with the anatomic localization of these direction-selective neurons. We identified the MT and MST physiologically, with special attention to the receptive-field properties of the recorded neurons and their relative locations to the STS (Komatsu and Wurtz 1988a) . We identified 187 direction-selective neurons in the MST area, 57 in the MT area. The remaining six neurons were recorded in the bank of the STS outside the MST and MT (in the posterior parietal area). Figure 2 shows 1. Response of a medial superior temporal area (MST) neuron to a moving large-field visual stimulus that elicited ocular following. A: responses of a neuron to multiple presentation of a 160' /s downward test ramp. Records, from top to bottom, indicate impulse rasters, and peristimulus histogram ( 1 -ms binwidth), superimposed vertical eye-velocity profiles, average eye velocity (thick line), eye acceleration, and superimposed stimulus-velocity profiles (n = 40). Arrow shows estimated time of response onset (40 ms for neuronal response, and 53 ms for eye movements; measured from stimulus onset). B: directional selectivity of the neuron. A random dot pattern was moved in 8 directions at 80' /s. In each case the firing rate was averaged over a time interval extending from 40 to 140 ms, measured from stimulus onset. Arrow indicates the "preferred" direction calculated by summing the vectors of the firing frequencies for 8 directions. D, down; L, left; R, right; U, up. though some MT neurons responded to movement of a large-field visual stimulus, they were not studied in detail.
It has been reported that the original MST region consists of subregions of neurons with different properties (Desimone and Ungerleider 1986; Komatsu and Wurtz 1988a; Tanaka et al. 1986 Tanaka et al. , 1993 . Although our visual stimuli (ramp movements of a large-field, random dot pattern) did not reveal clear differences in neuronal responses in the different subregions, we did locate these subregions by their receptive-field properties (especially their relation to representation of the central field) and their locations relative to the STS. This was done according to the method of Komatsu and Wurtz ( 1988a) . Ninety-six neurons were located in a laterallanterior area of the MST (MST-l), 52 were located in a dorsal-medial area (MST-d), and 39 were located in the area between them (MST-p, the portion of the MST representing the peripheral visual field). These areas correspond to the ventral, dorsal, and intermediate regions of the MST, respectively, as identified by Tanaka et al. (1993) .
Direction tuning
The "preferred direction" of 187 MST neurons was calculated by summing the vectors of the firing frequencies for eight directions and was plotted in polar form ( Fig. 3A ) . In this plot the ipsilateral direction is 0' (rightward) and values increase counterclockwise (down = 270' ). No significant differences were observed between preferences for ipsilateral or contralateral (or for up vs. down) movement. The averaged firing rate of a neuron to the moving visual scene was normalized with respect to the best response, for each direction tested. The preferred direction for each unit was then normalized to 0'. B: normalized, direction tuning profile for the 187 MST neurons. Direction tuning profile for each neuron was normalized to its best response, and the best response directions were shifted and aligned to 0'. In each case the firing rate was averaged over a time interval extending from 40 to 140 ms, measured from stimulus onset. Bars indicate SD. Dotted line indicates the spontaneous firing rate. tion in response amplitude for visual motion that was, on the initial response of this neuron was 8O"/s. For the susaverage, 58' away from the preferred direction.
tained component of the response, we averaged the firing rate of the neuron over the time interval from 90 to 130 ms Speed tuning after stimulus onset ( closed squares in Fig. 5A ). This component increased up to 80° /s and decreased at 1 60° /s. For
We studied the responses to the moving visual scene at different speeds ( 10, 20, 40, 80 , and 1600/s) in 163 direction-selective MST neurons, using the preferred direction ( 1 of 8) for each neuron. Figure 4 shows a family of response profiles in an MST neuron obtained with ramps of different speeds. The temporal profiles of neuronal responses are shown as a spike-density function (top), with average eye-velocity profiles (middle), and eye-acceleration profiles (bottom) recorded at the same time. The firing rate of the neuron started to increase 40-60 ms after stimulus onset. It peaked within lo-15 ms and then decreased to a trough. The neuronal response between onset and the first trough was regarded as the initial phase. This phase was distinct, especially at high stimulus speeds ( 160' /s) . The initial phase of ocular responses was also distinct in eye-acceleration profiles. In eye-velocity profiles, however, the peak of the initial response was not distinct, especially at slow stimulus speeds ( 1 O" /s). The initial response was only transient and was followed by sustained firing. The neuron clearly responded more vigorously at higher stimulus speeds (40 and 160' /s) than at the low stimulus speed ( loo /s), both at the initial phase and at the sustained phase. Magnitudes of neuronal responses at both phases were measured and plotted with responses to other stimulus speeds ( 20 and 80' / s; Fig. 5 A ) . The peak value was used as an index of the initial response. It increased with stimulus speeds of 10-20' /s but did not vary much at speeds of 40-1 60° / s ( closed circles in Fig. 5 A ) . The "best" speed of quantitative measurement of the total response during ocular following, we averaged the firing rate of this neuron over the time interval from 40 to 140 ms after stimulus onset. The speed-tuning curve of the total response (closed triangles in Fig. 5A ) was similar to the sustained response. The best speed of this neuron was 80° /s.
The firing rates of the 163 direction-selective MST neurons were averaged over the range of lo-160' / s. Figure 5 A also shows the means of the firing rates at each stimulus speed. The sustained components increased with stimulus speeds of up to 160' /s, but the initial components indicated saturation at 80-160' / s. The relationship between the firing rate and the logarithm of stimulus speed was linear within the range of IO-4O"/s (Y = 0.996 for initial response, r = 0.995 for sustained response, and r = 0.999 for total response). The sensitivity of each component (i.e., the slope in Fig. 5 A ) was 144 ( impulses/ s) / log (deg / s ) for the initial response, 63 for the sustained response, and 76 for the total response.
The best speeds for the 163 direction-selective MST neurons were studied (Fig. 5B ). Similar to reports on the DLPN neurons (Kawano et al. 1992b ), most of the MST neurons showed their best responses at high stimulus speeds (especially 160' /s). We compared the distribution of the best speeds within neurons recorded in the different subregions of the MST and the MT. There were no significant differences in the three subregions of the MST. Many of the neurons we analyzed, including many in the MT, preferred high stimulus speeds, although, unlike the MST neurons, M. SHIDARA, Y. WATANABE, AND S. YAMANE 400 ship between the latency of neuronal responses and that of eye movements is plotted in Fig. 6 with the population plot for 59 neurons, whose response latencies were reliably obtained at all 5 stimulus speeds ( lo-160' /s). The latencies of both neuronal and ocular responses decreased with increasing stimulus speeds. Thus the time difference between response latencies for neuronal and ocular responses did not vary much with changes in stimulus speed (between 8.2 ms at loo/s and 10.8 ms at 16O"/s on average). In the 59 MST neurons, the onset latency of the neuronal responses preceded that of the ocular responses by an average of 9.6 t 4.9 (SD) ms. We acquired a reliable measurement of the latency for 150 direction-selective MST neurons (including 59 neurons in Fig. 6 ) for at least 1 stimulus velocity. The response latencies of DLPN neurons are reported to be inversely related to the speed of the stimulus (Kawano et al. 1992b ). We observed the same trend in the response profiles of the MST neuron shown in Fig. 4 . The relation-* Y B: distribution of "best" speeds for the 163 MST neurons. shows the distributions of latency measures. The visual stimulus consisted of a random dot pattern moving in the preferred direction at the preferred speed (best speed for the initial response in most cases). Figure 7A shows neuronal latency from the onset of the visual stimulus motion. Mean latency for the 150 MST neurons was 47.1 t 7.0 ms. Figure  7B shows response latency plotted relative to the onset of eye movements. On average, neurons started responding 8.6 t 8.0 ms before eye movement. Eighty percent ( 120/ 150) of the MST neurons were activated ~50 ms after the onset of the stimulus motion. In most cases (89%, 134/ 150) the increase in firing rate started before the eye move-20: A ments, and 59% (88/ 150) started > 10 ms before the eye movements.
The average response latencies were also calculated by classifying the MST neurons according to their recorded subregions. The means (&SD) were 46.9 t 6.8 ms for 43 neurons in the MST-d, 46.5 t 5.2 ms for 82 neurons in the MST-l, and 49.9 t 10.6 ms for 25 neurons in the MST-p.
Response to blurred images
Blurring of the random dot pattern reportedly increases the response latencies of DLPN neurons in proportion to the latencies of the simultaneously evoked ocular responses (Kawano et al. 1992b) . We studied the effects of blurring the random dot patterns on MST neurons, to investigate the relationship between the neuronal responses and eye movements. Control (unblurred) responses were obtained with the stimulus projected directly on the screen. Figure 8 shows the superimposed responses of an MST neuron, the average eye-velocity profiles, and the eye-acceleration profiles. The blurring of moving images delayed the latency of both the eye movements and the neuronal responses. The relationship between these latencies, as plotted in Fig. 9A , reveals that the neuronal responses preceded the eye movements by -10 ms in each case. These relationships were very similar in all 15 MST neurons for which response latencies were reliably obtained for at least two different degrees of blur (Fig. 9A ) .
Blurring also affected response amplitude. This was clearly apparent in both the initial and sustained ocular responses, and especially in the eye-velocity traces (Fig. 8) . The responses of the neuron shown in Fig. 8 (top panel) showed a similar effect. Although there were neurons whose responses were little affected by the blurring, the ocular responses were always affected. 8. Effects of blurring the random dot pattern, moving rightward at 800/s, on the responses of an MST neuron. Blurred images were obtained with ground glass and paper screen separated by distances of 1 cm (dotted lines), 3 cm ( interrupted lines), and 5 cm (thick, continuous lines). Control responses were obtained with the random dot pattern projected directly on the screen (thin, continuous lines). Records, from top to bottom, indicate spike-density functions of neuronal responses, average eye-velocity profiles, eye-acceleration profiles, and average stimulus-velocity profile.
effect of blur on the amplitude of the initial and sustained responses in 15 neurons (the effect of blurring was studied in all neurons at a separation of 1 and 5 cm, and 6 of these 15 neurons were studied at a separation of 3 cm). Although blurring reduced both neu .ronal and ocular responses, the effect was most pronounced on ocular responses. The large standard deviations of the neuronal responses indicate marked variability among the neurons.
According to a previous report, the response latencies of DLPN neurons are delayed by blurred images, but the timing of the effect of blanking the visual scene is not associated with the degree of blur (Kawano et al. 1992b ). We performed a similar experiment on six MST neurons by blanking the moving visual scene at 80 ms after the onset of stimulus motion. In all neurons tested, the timing of the effect of blanking on the neuronal responses was, as in the case of DLPN, not affected by the degree of blur.
Response to check pattern
We further examined the correlation between neuronal responses and eye movements by substituting check patterns for the usual random dots. It has been reported that, when a check pattern was used as a visual stimulus and its temporal frequency (the product of its spatial frequency and speed) exceeded 20 Hz, the response of the DLPN neurons was very weak (Kawano et al. 1992b) . Figure 10 shows effects of changes in stimulus speed on responses of an MST neuron and on ocular following with the use of two different visual stimuli. We recorded responses to a random dot pattern moved at speeds of 10,20,40,80, and 160' /s (Fig.  1 OA ) . The amplitude of the ocular-following response increased as stimulus speed increased, and the firing rate of the neuron increased at stimulus speeds of up to 160' /s. The relationship between neuronal responses and stimulus speed differed in the same neuron when the stimulus consisted of a check pattern of 0.5 cycles/deg (Fig. 1 OB) , instead of the random dot pattern. The firing rate of the neuron increased with increases in stimulus speed from 10 to 40° /s. When the stimulus speed was 80' /s, however, the neuron showed a distinctive burst-and-pause firing pattern, and its firing rate was lower than at 40' /s. When the stimulus speed was 1 60° /s, the firing of the neuron started with a latency of 39 ms and stopped suddenly after 20 ms. Thus the firing rate of the neuron decreased at stimulus speeds between 80 and 160" /s. At the same time, the amplitude of the ocular-following response decreased. The peculiar firing patterns of the neuron observed with stimulus speeds of 80 and 1 60° /s were observed in every trial, as shown in the raster format (Fig. 1 OB) . The same experiment was performed on 16 MST neurons, and all their responses decreased when the check pattern of 0.5 cycles/deg moved faster than 80° /s. To measure neuronal responses as a whole, we averaged the firing rate over a time interval extending from 40 to 140 ms after stimulus onset. The averaged firing rate for each stimulus was normalized with respect to the best response to the random dot pattern. Averages of responses to each stimulus were calculated in 10 neurons and plotted in Fig. 11A .
To evaluate the total ocular responses, we calculated and normalized (with respect to the best response) the mean changes in eye position from 50 to 150 ms after stimulus onset (Fig. 11 B) . When the check pattern of 0.5 cycles/deg was used, both the neuronal and ocular responses decreased with stimulus speeds >80" /s. Like the neuron described in Fig. 1 OB, 16 neurons showed a general decrease in response amplitude, a burst-and-pause firing pattern at a stimulus speed of 80' /s, and transient firing for -20 ms at 160' /s. These firing patterns were similar to those observed in the DLPN neurons (Kawano et al. 1992b) .
We tried check patterns of various spatial frequencies to investigate whether the decreases in neuronal and ocular responses at higher speeds is due to the upper limit of the bandwidth in the temporal frequency of the ocular-following system. We tested 10 neurons with a check pattern of 0.25 cycles/deg, and 6 neurons with a check pattern of 0.13 cycles/deg (Fig. 11, A and B) . The check pattern of 0.25 cycles/deg caused a decrease in neuronal and ocular responses at a stimulus speed of 160' /s. The check pattern of 0.13 cycles/deg, by contrast, yielded speed-tuning curves for the ocular and neuronal responses that were parallel to those from the random dot pattern. Although the check patterns contain a wide range of spatial frequencies, in terms of a Fourier decomposition of the visual stimulus, the responses decreased when the main temporal frequency of the stimulus exceeded 20 Hz (0.25 cycles/deg X 8O"/s, 0.5 cycles/deg X 40 O/s ) .
In the 10 neurons tested, a burst-and-pause firing pattern was observed when the check pattern of 0.5 cycles/deg was moved at 80' /s, and also when a pattern of 0.25 cycles/deg was moved at 160' /s. Thus the firing rate of these neurons was always modulated in the burst-and-pause pattern when the main temporal frequency of the visual stimulus was 40 Hz.
Responses to a small target (smooth pursuit) Some DLPN neurons respond not only during ocular following of a moving, large-field visual stimulus, but also during smooth pursuit of a moving target against a dark background (Kawano et al. 1992b) . Further, the firing rates of DLPN neurons with the same directional preferences for ocular following and smooth pursuit are known to increase before the onset of the ocular responses. Although previous studies have reported that some MST neurons discharge during smooth pursuit (Erickson and Dow 1989; Kawano et al. 1980 Komatsu and Wurtz 1988a; Sakata et al. 1983; Thier and Erickson 1992) , their response latencies to a moving target have not been studied. Thus it is not clear whether these neurons are able to provide suitable inputs to the DLPN neurons. Responses during smooth pursuit were studied in 55 neurons that discharged to movements of the random dot pattern and were recorded in the subregions of either MST-d or MST-l. Forty of these (73%, 6/ 16 in MST-d, 34/39 in MST-l) were activated when the animal pursued a target moving against a dark background. Of the 40 neurons that were responsive during both smooth pursuit and ocular following, 35 (88%, 4/6 in MST-d, 3 1 / 34 in MST-l) had the same directional preferences for both smooth pursuit and ocular following. The remaining five ( 12%, 2/6 in MST-d, 3/ 34 in MST-l) neurons responded to smooth pursuit in directions opposite to those preferred for the ocular following. As in the case of DLPN neurons of the same category, a small-spot stimulus elicited a gradual increase in firing of the neurons with opposite directional preferences for smooth pursuit and ocular following, and their onset was later than that for the simultaneously elicited eye movements (i.e., smooth pursuit).
Because our primary interest was to characterize the properties of neurons that discharge before smooth-pursuit eye movement, we studied neurons in the MST having the same directional preferences for smooth pursuit and ocular following. The preferred direction of the neuron in Fig. 12 was for right-downward movement of both the small spot and the random dot pattern. The firing rate of this neuron began increasing before the ocular-following responses to movements of a large-field visual stimulus at 30' /s. This was also the case when the small target started moving Effect of using check patterns in place of the random dot pattern. A : sensitivity of neuronal responses to changes in stimulus speed. The firing rate was averaged over a time interval extending from 40 to 140 ms, measured from stimulus onset and was normalized with respect to the best response to the random dot pattern for each neuron. right-downward from the center of the screen. The response latencies to a small target were measured in 23 of the 35 neurons that displayed the same directional preference to the small target movements and the large-field pattern movements. Figure 13A shows the relationship between the latencies of eye movements and neuronal responses. The response latencies to the spot were always longer than those to the large-field visual pattern. The mean difference in latency was 16.5 t 10.6 ms (n = 23). Neuronal responses preceded smooth-pursuit eye movement by 18.1 t 9.0 ms.
We studied the responses during pursuit of a moving spot at different speeds ( 10,20, and 30' /s) in 11 neurons. For a quantitative comparison, we measured the peak amplitude of the firing rate after low-pass filtering, instead of using stimulus-locked measurements. No clear correlation was found between the initial responses of the MST neurons and stimulus speed during smooth pursuit (Fig. 13 B) .
We investigated the correlation between the response amplitudes to a small target (for smooth pursuit) and to a large-field stimulus (for ocular following) moving at the same speed in 26 neurons. The response to the same speed for each stimulus was selected for comparison, and its amplitude was measured at the initial peak of the low-pass filtered profile. As evident from Fig. 13C , the response amplitudes to the small spot and to the large-field stimulus did not correlate (Y = 0.06).
It has been reported that some MST neurons responded during pursuit even in total darkness when the pursuit target was briefly turned off (Newsome et al. 1988; Sakata et al. 1983 ) . However, in these studies, there was no quantitative analysis of the relationship between firing rate and eye movements in total darkness. In the present study we observed both neuronal and ocular responses when the target was turned off (blinked) for a brief period ( 150 ms). Figure  14A presents data from such an experiment in the same neuron as in Fig. 12 . We used a "step-ramp" stimulus motion to avoid contamination of the saccades (Lisberger and Westbrook 1985; ' Rashbass 196 1) . First, the tracking target was displayed 4' left-upward to the fixation point, and, after a randomized interval of 150-300 ms, the fixation target was turned off, and the tracking target moved rightdownward at 20' /s. Figure 14A shows the average eyevelocity profile without contamination of the saccades during 660 ms, together with the average firing rate of the neuron. In two-thirds of the trials under this paradigm, the target was blinked off for 150 ms, so that the animal executed pursuit eye movements for 150 ms in total darkness. In one-third of the trials, the target was blinked off at 200 ms from stimulus onset for 150 ms, and in the other one-third at 300 ms for 150 ms. In the remaining one-third, the control, the target was not blanked. The hatched histogram in from stimulus onset, or between 300 and 450 ms from stimulus onset. The firing rates of the neurons decreased after the blink period in all cases. In most cases ( 9 / 11)) however, the firing rate during and after the blink period was well over the spontaneous firing rate. We calculated the ratio of responses 50 ms after the blink and "no blink" periods to compare our results with those of a previous study (Newsome et al. 1988, cf. their Fig. 6A ). Table 1 shows the distribution of the ratio of the 11 neurons together with data from Newsome et al. ( 1988) . Although all of the MST-l neurons we tested were affected by the blink, Newsome et al. reported that some of these neurons were not affected. Figure 14B shows the differences between the control (no blink) and blink conditions. The difference in the firing rate of the neuron shown in Fig. 14A is shown in the top histogram. In the second histogram, the difference in the firing rate of the same neuron between the blink and control conditions when the target light was off from 300 to 450 ms is shown. The timing of the histogram was synchronized to the onset of the blink period. It is clear that when the target blinked, the firing rate decreased below the control level (hatched area), and that when the target returned the firing rate increased and surpassed the control level. Figure  14 B also shows the differences in the eye-velocity profiles recorded simultaneously. The eye velocities were reduced by blinking the target below the control level in both cases. The effect of the blinking was larger on both the neuronal and ocular responses when the blink started at 200 ms rather than at 300 ms after stimulus onset. We calculated the average differences in the firing rate during 150 ms at different timings from stimulus onset to investigate the time course of the effect of blinking on the neuronal responses shown in Fig. 14A . The effect was most pronounced at 40-190 ms after blink onset (Fig. 15A ) . The differences in eye velocity were also calculated for the same period ( 150 ms; Fig. 15 B) . The effect on the eye-velocity appeared later than the neuronal responses and was most pronounced at 140-290 ms after blink onset. The differences in eye acceleration were also calculated for the same period ( 150 ms; Fig. 15C ). Like the neuronal responses, this effect was most pronounced at 40-190 ms after blink onset.
We quantitatively analyzed the effect of blinking at both 200-350 ms and 300-450 ms in seven MST neurons (all recorded in MST-l). Figure 15 , A-C shows the average differences in each neuron. The most pronounced periods are summarized in Fig. 15 D. Although the blink started at 200 ms in one-half the cases and at 300 ms in the remaining cases, the effect was most pronounced at periods soon after the blink (at 40-l 90 ms-at loo-250 ms) for both neuronal responses and eye acceleration, but appeared later (at 130-280 ms-at 180-330 ms) in the case of eye velocity.
by the hatched area in the stimulus-velocity profile). The firing rate started decreasing to below the control level at -50 ms after the target disappeared, although it was still higher than that of the preresponse period. As reported by Becker and Fuchs ( 1985) in human subjects, the smooth pursuit velocity also began to decelerate after the target disappeared. When the target reappeared, the firing rate started increasing and surpassed the control level, and the smooth-pursuit velocity recovered. We studied the effect of blinking in 11 MST neurons (all recorded in MST-l). The blink occurred in the interval between 200 and 350 ms started at 300 ms) of that of controls.
The average firing rate measured between 50 and 200 ms after blink onset was 62 t 17% (~2 = 14; 58% for the blink that started at 200 ms, 65% for the blink that started at 300 ms) of that of controls measured during the same period without a target blink. The average eye velocity between 150 and 300 ms after blink onset was 68 t 8% (n = 14; 62% for the blink that started at 200 ms, 74% for the blink that ; open symbols indicate those to a small spot (smooth-pursuit paradigm). The response to the same speed for each stimulus ( 20 or 30° /s) was selected for comparison. The dotted line passing through the origin has a slope 1. B: effect of changes in speed of a small target on initial peak response (after low-pass filtering) of 11 MST neurons. C: comparison between response amplitudes of 26 MST neurons at the initial peak response (after low-pass filtering) to a small target (smooth-pursuit paradigm) and a large-field stimulus (ocular-following paradigm).
Response to a sudden appearance of the moving visual scene (optokinetic response, OKR)
A close correlation between short-latency ocular-following responses and initial OKR has been suggested (Fuchs and Mustari 1993; Miles et al. 1986 ). Traditionally, the paradigm for initiating OKR calls for the subject to be seated in the dark. The stimulus (usually a vertically striped cylinder that surrounds the subject and moves at a constant velocity) is suddenly illuminated to expose its movement. Neurons activated during such a traditional optokinetic stimulation were recorded in the bank of the STS (Kawano and Sasaki 198 1, 1984) . This area has been suggested to correspond to the MST area . It was also reported that all of the neurons tested were modulated not only by motion of black-and-white stripes but also by motion of a random dot pattern . However, because these studies did not investigate the relationship between firing rates of the neurons and eye movements, it is unknown whether there are differences between short-latency ocular following and initial OKR in neuronal and ocular responses. The main difference between the visual stimuli to elicit short-latency ocular following and OKR is the visual condition before the stimulus motion. For ocular following, the visual scene is visible and stable before the stimulus motion; whereas for OKR, the visual scene is invisible and suddenly comes into view while in motion.
In the present study we studied the effects of the sudden appearance of a moving visual scene on neuronal and ocular responses (optokinetic paradigm). Figure 16 shows the firing pattern of an MST neuron recorded during this paradigm. The visual scene was moved at 1 60° /s right-downward, which was the preferred direction for the neuron. The firing rate of the neuron (-in Fig. 16 ) increased abruptly at -30 ms after the monkey was suddenly exposed to the stimulus. The firing rate rose rapidly to a peak and then decreased after -30 ms. At -80 ms after stimulus onset, the firing rate of the neuron increased again. We studied the neuronal response to the sudden appearance of a stationary visual stimulus, because it was unclear whether the very short-latency ( -30 ms) response of the neuron was related to sudden appearance or to stimulus motion. Even when the visual stimulus was stationary, the sudden appearance of the visual scene had a similar effect on the early response of the neuron (. . . in Fig. 16 ). Thus the very short latency ( -30 ms) response of the neuron appears to be caused by the visual "on"-stimulus and not by the motion.
The "on-response" was studied in 37 direction-selective MST neurons. The visual stimulus for this study was a stationary, random dot pattern, presented suddenly at 50 ms after a centering saccade. Figure 17A shows a histogram for the responses of the 37 neurons. The mean firing rate increased at -30 ms after stimulus onset and peaked quickly. To evaluate the ratio of the MST neurons that were activated by the on-stimulus, the following analysis was conducted. The spontaneous activity and variability of each neuron was measured by calculating the mean and standard deviation of its firing rate from 45 ms before to 15 ms after stimulus onset (total 60 ms). The deviation of the firing rate of each neuron to its spontaneous firing frequency was calculated at every millisecond from 20 ms before to 100 ms after stimulus onset. The neurons were categorized into groups according to firing rate (Fr) at each 1-ms bin. The change in the ratio of each group evoked by the on-stimulus is shown in Fig. 17B . Numerous MST neurons had on-responses to the visual stimulus. At -35 ms after stimulus onset, -60% of neurons activated by more than their SDS, and -40% activated by >2 SDS. The data in Fig. 17 B also suggest a suppression of neuronal activity around 60 ms after stimulus onset. About 40% of neurons suppressed their activity by ~2 SDS.
To compare the response profile to optokinetic stimulation with that during ocular following, we subtracted the responses to 200 300 TIME (msec) FIG. 14. Effect oftarget blinking on an MST neuron. A : neuronal and ocular responses to a moving target with and without blinking (n = 40 for each). Continuous line indicates response during normal pursuit to a spot moving right-downward at 2O"/s (control). Dotted line indicates average eye-velocity profile during pursuit of the moving spot with blinking. The target was "blinked" off at 200 ms after the onset of movement for 150 ms and was then turned on again. Hatched area at the borlotn (on the average stimulus-velocity trace) indicates the period of blinking ( 150 ms). Shaded peristimulus histogram indicates the firing rate of the neuron during the blink paradigm. B: differences between the control and blink conditions. Top hr~&~~r~rn indicates the difference in the firing rate of the neuron shown in A, when the target light was off from 200 to 350 ms after onset of stimulus motion. Bottom histogram indicates the difference in the firing rate of the same neuron, but the target light was off from 300 to 450 ms after onset of stimulus motion. Shaded area in each histogram shows that the firing rates during the blink paradigm were less than those during the no-blink paradigm. Differences in eye-velocity profiles are shown by a continuous line (blink during 200-350 ms) and a dotted line (blink during 300-450 ms), respectively. The time IS aligned by the onset of the blink period. Hatched area at the bottom indicates the period of blinking ( 150 ms).
(neuronal and ocular) shown by continuous lines in Fig. 18 were obtained by subtraction of the profiles shown in Fig.  16 . We used the same criterion to measure response latenties on the profiles after subtraction. The neuron increased its firing rate at 83 ms after stimulus onset. Because this profile is given after the subtraction, the response must have been evoked by the motion of the stimulus. The analysis described in Fig. 17 suggests that the "correct" direction-selective response started after a sequence of excitation and inhibition in the neuronal responses evoked by the on-stimulus. The eye started moving at 95 ms after the stimulus onset. The responses during the regular ocular-following paradigm are shown by broken lines in Fig. 18 . The speed and direction of the stimulus are the same in both paradigms ( 16O"/s, right-downward). It is obvious that both the neuronal and ocular responses started earlier in the ocular-following paradigm than in the optokinetic paradigm. Figure 19A shows the relationship between the latencies of eye movements and neuronal responses of 32 MST neurons. In most cases, neuronal response latencies preceded the ocular response latencies. In all cases, the latency of the 15. Time course of the effect of blinking. A: effects on the firing rate of the neuron shown in Fig. 14A averaged output of a photodiode on the screen to indicate changes in screen luminance and the onset of the stimulus. The effect of the visual "on-responses" on the same neuron was studied by projecting a stationary visual scene ( l l . ). neuronal response to the optokinetic stimulation was longer than that to the regular stimulation. The average lag time of the neuronal response latencies was 37.5 t 11.7 ms (n = 32). For a quantitative comparison of the neuronal activity, we measured the amplitude of the firing rate at the initial peak in both cases. As shown in Fig. 19B , there is a weak correlation (r = 0.49) between the initial response during ocular following and that during OKR. A weak correlation was also found between the sensitivity of each neuron to eye acceleration at initial peak response during ocular following and that during OKR (r = 0.44).
DISCUSSION
Similarity of response properties of MST neurons to those of DLPN neurons
The primary objective of this study was to examine whether the response properties of MST neurons could provide visual information to the DLPN neurons during ocu-lar following. By varying the parameters of the visual stimulus, we were able to assess response properties of the MST neurons during ocular following for comparison with those of the DLPN neurons, as reported previously (Kawano et al. 1992b ).
We used a random dot pattern as a large-field visual stimulus to record direction-selective neurons in the MST. We confirmed the results of previous studies, revealing a high proportion of direction-selective neurons in this area ( Desimone and Ungerleider 1986; Duffy and Wurtz 199 1; Komatsu and Wurtz 1988a,b; Tanaka et al. 1986 Tanaka et al. , 1993 Tanaka and Saito 1989) . Our results suggest that this area corresponds to the area where neurons, which were activated during optokinetic stimulation, were recorded by Kawano and Sasaki ( 198 1, 1984) before the "MST" was designated by Maunsell and van Essen ( 1983) .
When the random dot pattern was projected and moved on a large-field screen, the directional selectivity of the MST neurons was very similar to that of the DLPN neurons. Their preferred directions were widely distributed, and no significant differences were observed between preferences for the ipsilateral or contralateral (or to up vs. down), similar to the DLPN neurons (Kawano et al. 1992b ). The 18. Comparison of the response pattern of an MST neuron and eye movements during the ocular-following paradigm (interrupted lines) and the optokinetic paradigm (continuous lines). For the responses during the optokinetic paradigm, we used the differences derived from subtracting the responses to O"/s from those to 16O"/s, shown in Fig. 16 . Records, from top to bottom, indicate spike-density functions of neuronal responses, average eye-velocity profiles, eye-acceleration profiles, and average stimulus-velocity profile (for the ocular-following paradigm), and the luminance of the screen (for the optokinetic paradigm).
average half-height tuning bandwidth was 115 ', and that of the DLPN neurons was 116". The preference of the MST neurons for high-speed stimuli also corresponded with that of the DLPN neurons. Furthermore, the relationship between the firing rate and the logarithm of stimulus speed was linear within the range of 10-40" /s in both MST and DLPN neurons. The inverse relationship of neuronal response latencies to stimulus speed observed in the DLPN neurons (Kawano et al. 1992b ) was also observed in the MST neurons. The response latency was measured in 150 MST neurons. The mean latency (47.1 ms) was shorter than that of the DLPN neurons (49.0 ms, n = 77) (Kawano et al. 1992b) . In both cases, the average neuronal response latencies were shorter than those of the ocular response (8.6 ms for the MST neurons, 5.7 ms for the DLPN neurons).
A similarity between the response properties of the MST and the DLPN neurons was also observed when the random dot pattern was replaced by other visual stimuli. As in the case of DLPN neurons, blurring of the random dot pattern increased the response latencies of the MST neurons in proportion to the latencies of the simultaneously evoked ocular responses (Kawano et al. 1992b faster than a particular speed ( 80° /s for the pattern of 0.25 cycles/deg, 40' /s for that of 0.5 cycles/deg), the response of the MST neurons was very weak, as was the case with the DLPN neurons (Kawano et al. 1992b) . Although the check patterns contain a wide range of spatial frequencies in terms of a Fourier decomposition of the visual stimulus, in both cases the main temporal frequency of the stimulus was 20 Hz (0.25 cycles/deg X 8O"/s, 0.5 cycles/deg X 4O"/s).
This similarity in response properties supports the hypothesis that the MST neurons provide visual information to the DLPN neurons. The difference in response latencies also corresponds with the anatomic projections from the MST to the DLPN (Boussaoud et al. 1992; Tusa and Ungerleider 1988 ) .
Although the relationship between the firing rate of the DLPN neurons and the eye acceleration observed when the stimulus speed was changed systematically was often different for the initial and sustained responses in each neuron, it was, on average, similar for all the neurons (Kawano et al. 1992b) . We did the same analysis on the MST neurons. To study the relationship in the population, the firing rates and eye accelerations were averaged at each stimulus speed for 163 direction-selective MST neurons. The slopes of the linear regression between firing rate and eye acceleration were 7.29 ("/s*)/(imp/s) (initial response) and 3.98 (O/s*)/ ( imp/s) ( sustained response). The correlation coefficient of 10 averaged responses (initial and sustained responses at 5 speeds) was 0.92 [slope = 9.18 ("/s*)/(imp/s)].
The slope calculated for 87 DLPN neurons, by the use of the same method, was 4.2 ("/s*)/(imp/s) (Kawano et al. 1992b ). However, because amplitudes and temporal profiles of ocular responses during ocular following are different from animal to animal, and within a same animal from one direction to another (Miles et al. 1986 ), the actual values of, for example, neuronal sensitivity to eye acceleration, are probably meaningless. A direct quantitative comparison of response properties of the MST neurons and DLPN neurons will require a study of neurons recorded in a same animal that prefers the same stimulus direction and speed. Then we will better understand how information from the MST neurons is transformed into the responses observed in DLPN neurons.
It has been reported that the original MST region consists of subregions of neurons with different properties (Desimone and Ungerleider 1986; Komatsu and Wurtz 1988a; Tanaka et al. 1986 Tanaka et al. , 1993 . No clear differences were observed in response properties of neurons in the different subregions (with the use of a ramp movement of a largefield, random dot pattern). It is possible that our results are biased for neurons preferring a large-field visual stimulus moving at high speeds, because we used eight directions of 80° /s test ramps for screening the neurons. This screening method might account for the finding of no significant differences in the response properties of neurons in the different subregions. It might also account for the fact that, even in the MT, many neurons preferred high speeds. Because the anatomic projections from the MT to the DLPN have been also reported (Tusa and Ungerleider 1988; Ungerleider et al. 1984) , such MT neurons may have a role in providing visual information to the DLPN neurons. Further experiments, for example, recording neuronal activities during ocular following both in the MT, MST, and DLPN simultaneously, are needed to verify the flow of the neuronal signals and to clarify whether MT and MST neurons have different roles in the visual information processing during ocular following.
A possible role of MST neurons in regulation of ocularfollowing responses
The finding that most MST neurons change their activities before eye movement and that their dependence on visual properties of the stimulus is similar to that of ocular M. SHIDARA, Y. WATANABE, AND S. YAMANE responses suggests that the visual information they provide to DLPN neurons may be involved in eliciting ocular following. It has been reported that chemical lesions in the MST lead to deficits in both smooth pursuit and optokinetic responses (Dtirsteler et al. 1987; Dtirsteler and Wurtz 1988 ) , whose close correlation with ocular following has been suggested elsewhere (Fuchs and Mustari 1993; Miles et al. 1986) . A preliminary study has shown that injection of ibotenic acid into the MST produced a decrement in ipsilateral and vertical ocular-following responses (Shidara et al. 199 1) . Such chemical lesion studies support the idea that neurons in the MST are involved in the genesis of ocular following.
We have already reported that the majority of P-cells in the VPFL of the cerebellum responded with latencies shorter than those in ocular following and that, at the site of each recording, electrical stimulation of a single negative pulse could elicited eye movement toward the preferred direction of the P-cell in more than one-half the cases (Shidara and . Visual mossy fibers recorded in the VPFL during ocular following showed similar response properties to those of the DLPN neurons . These results suggest that the visual information sent by the MST neurons might be mediated by the DLPN neurons and sent to the VPFL via visual mossy fibers. We suggested that, in the VPFL, the visual information mediated by the visual mossy fibers might be processed to create driving signals to ocular motoneurons ). The present study suggests that such responses observed in the activities of the visual mossy fibers are already represented in the firing pattern of the MST neurons.
Although, in most cases, changes in the visual properties of the stimulus had similar effects on both neuronal and ocular responses, some visual stimuli affected neuronal response amplitude differently from ocular response. For example, blurring the random dot pattern progressively reduced the amplitudes of the ocular and neuronal responses, but its effect was much greater on ocular responses. The same trend was observed in responses of the DLPN neurons ( Kawano et al. 1992b ). This discrepancy between neuronal and ocular responses might be due to the different visual response properties of the neurons, which might be canceled in the downstream structures where the visual inputs are summed together and transformed to the signal for eliciting eye movements (probably in the cerebellum) ). On the other hand, it might be explained by the visual information provided by neurons in other areas where neurons responsive to a moving large-field visual stimulus were recorded ( pretectal area, accessory optic system, etc.) (see Fuchs and Mustari 1993) . Quantitative differences among the responses may be explored in a future study by recording neurons in different parts of the brain in a same animal.
Relation between ocular-following pursuit eye movements responses and smoothSome MST neurons responded both during ocular following of a moving large-field visual stimulus and during smooth pursuit to a -moving target against a dark background. Some of the neurons in the MST are reported to discharge in relation to smooth-pursuit eye movements (Erickson and Dow 1989; Kawano et al. 1980 Komatsu and Wurtz 1988a; Sakata et al. 1983; Thier and Erickson 1992) . Furthermore, Kawano and Sasaki ( 198 1) reported that some neurons in the STS respond during both OKR and smooth pursuit. Our findings regarding neuronal responses in the MST to a small moving target are consistent with such reports. In the present study neurons that discharge during smooth pursuit were recorded predominantly in MST-l, in contrast to the study by Komatsu and Wurtz ( 1988a) , which recorded "pursuit cells" in both MST-d and MST-l frequently. Our screening method, i.e., the use of a moving random dot pattern at 80' /s, may account for this difference.
In the DLPN we reported that two groups of neurons discharged in relation to smooth-pursuit eye movements. One group of neurons had the same directional preference to a small spot and a large-field visual stimulus, and the other had the opposite preference. Latencies of neurons of the latter group were long, whereas those of the former were short. The same two groups of neurons were also found in the MST. Because we analyzed the response properties of the DLPN neurons in the former group in detail, we focused our study on the MST neurons having the same directional preferences to ocular following and smooth pursuit. The latency of the response during smooth pursuit was always longer than that during ocular following, and the neuronal response latency was shorter than the ocular response latency in the two paradigms. This relationship is similar to that observed in the DLPN neurons and suggests that the visual information related to both ocular following and smooth pursuit observed in a group of DLPN neurons had already existed in some MST neurons.
It has been reported that some MST neurons responded during pursuit even in total darkness when the pursuit target was removed briefly (Newsome et al. 1988; Sakata et al. 1983 ) . We studied the responses of 11 MST-l neurons, with the use of a similar blink paradigm, and found that the distribution of the ratio of their responses during blink and no blink periods was consistent with the results of Newsome et al. ( 1988) . Although all of the MST-l neurons in the present study were affected by the blink, Newsome et al. ( 1988) reported that some neurons were not affected. This discrepancy may be due to the different timing of the blink period during pursuit or to the screening method we used.
We analyzed the effect of blink on both neuronal and ocular responses. The period when the most pronounced effect was observed was different for neuronal responses and ocular responses. The effect was pronounced much earlier in the neuronal responses than in the eye-velocity profile. On the other hand, the effect on the eye-acceleration profiles appeared at about the same interval as that on the neuronal responses. This suggests that the decrease in firing frequency of the MST neurons may be due to the disappearance of the target, i.e., it is visually induced and may not be caused by eye-velocity feedback. The changes in the firing frequency of the MST neurons may primarily affect eye acceleration and may thereby change eye velocity as a result of integration.
Relation between ocular-following optokinetic responses responses and sh Although cl .ose correlation h .as been su .ggested between .ort-latency ecu lar-followin g responses and the initial phase of traditional OKR (Fuchs and Mustari 1993; Miles et al. 1986) , no direct comparison between these two responses has been reported. To compare the responses during the optokinetic paradigm and the ocular-following paradigm, we exposed the animal to the two stimuli in a randomized order. We found that the latency of ocular responses evoked by the optokinetic stimulation was longer ( -40 ms) than that of the ocular-following responses.
The response latencies of the MST neurons to the moving visual scene were longer during OKR than during ocular following. Numerous direction-selective MST neurons increased their firing rate at very short latency ( -30 ms) when the visual scene was illuminated, regardless of whether the scene was moving or stationary. After this transient increase in activity ( -20 ms), the activity decreased to below the spontaneous level in most cases. Then the MST neurons increased their firing rate with their correct direction preferences after such a sequence of excitation and inhibition. Thus their response latencies were longer than those during the ocular following elicited by the visual stimulus with the same direction and speed, which would excite only the correct direction-selective neurons from the beginning. We noted that the ocular response lagged behind the neuronal response during the initiation of the OKR, and this delay was similar to that during ocular following in most cases. The close correlation between the latencies for neuronal and ocular responses suggests that each MST neuron may be related to both the short-latency ocular following and the initiation of the OKR. The synchronized sequence of excitation and inhibition evoked by the sudden appearance of the visual scene, which was observed in most direction-selective MST neurons, might delay their direction-selective responses and, as a result, might cause the latencies of the ocular response duri than those duri ng ocul .ar followi .ng.
.ng OKR to be greater
